This report describes the integration of laser-scanning f luorometric cytometry and nonseparation ligand-binding techniques to provide new assay methods adaptable to miniaturization and high-throughput screening. Receptor-bound, cyanine dye-labeled ligands, [Cy]ligands, were discriminated from those free in solution by measuring the accumulated f luorescence associated with a receptorcontaining particle. To illustrate the various binding formats accommodated by this technique, saturation-and competition-binding analyses were performed with [Cy]ligands and their cognate receptors expressed in CHO cells or as fusion proteins coated on polystyrene microspheres. We have successfully applied this technique to the analysis of G proteincoupled receptors, cytokine receptors, and SH2 domains. Multiparameter readouts from ligands labeled separately with Cy5 and Cy5.5 demonstrate the simultaneous analysis of two target receptors in a single well. In addition, laserscanning cytometry has been used to assay enzymes such as phosphatases and in the development of single-step f luorescent immunoassays.
I]ACTH), a procedure that often compromises the efficiency and feasibility of the assay, e.g., low-affinity interactions often cannot be filtered.
Recently, various nonseparation formats have been described to address this issue (3) (4) (5) (6) (7) . In this paper, the application of a novel strategy, based on laser-scanning cytometry (8, 9) or laser-scanning imaging (LSI) coupled to ligand-binding assays, is introduced. In LSI, as in flow cytometry, ''positive'' events are identified through the detection of emitted light from laser excitation of fluorophores associated with cells or particles. However, unlike the hydrodynamic requirements of a flow cytometer, these particles do not travel in a fluid stream but, rather, remain stationary. Thus, LSI is ideally suited for the measurement of populations of cells or particles in twodimensional arrays, for example, a microtiter plate.
Because the effective concentration of fluorescent ligands clustered on a receptor-containing cell or particle can be greater than that for an equivalent area of surrounding buffer, light emitted from a fluorophore-coated cell or particle can be optically discriminated from fluorophore free in buffer (Fig.  1a) . Therefore, LSI assays do not require physical separation of bound and free ligand, so that these assays have some features in common with the scintillation proximity assay (SPA; ref. 3) . Although both techniques exploit selective binding of labeled ligands to particles in the sample, LSI uses nonradioactive fluorescence detection of the bound ligand, whereas SPA relies on light derived from scintillantimpregnated particles in proximity to a radiolabeled ligand. Thus, the need for physical separation of bound from free ligand in a standard receptor-binding assay is replaced, in LSI, by solid-liquid phase partitioning by using a cell or inert particles ( Fig. 1 b and c) and optical detection afforded by novel instrumentation (9) .
LSI overcomes several limitations of conventional receptorbinding assay methods, such as the need for wash steps, and can accommodate many of the reagents and strategies that have been developed commercially for fluorescence-activated cell sorter analysis and ELISA. The LSI device used here, capable of scanning microtiter plates, is based on the Imagn2000, a ''volumetric cytometer'' designed for the clinical analysis of CD4 ϩ lymphocytes in blood (9) . Here we show that the LSI concept, the optical separation of bound and free fluorescent molecules, is a versatile strategy applicable to the rapid and efficient development of nonseparation screening assays for G protein-coupled receptors (GPCRs), cytokine receptors, SH2 domains, as well as some enzymes.
MATERIALS AND METHODS
Cy5 and Cy5.5 N-hydroxysuccinimide (NHS) esters were purchased from Amersham Pharmacia, and Cy5 iodoacetamide was prepared according to published procedures (10 (Huntsville, AL) . The CXCR2-expressing CHO cell line and the IL8S72C mutant were prepared as described previously (11) . Recombinant human IL6R␣-Fc and IL-6 were the generous gift of Neil Stahl (Regeneron Pharmaceuticals, Tarrytown, NY). Recombinant human leptin (methionyl form) and ObR-Fc were from R&D Systems. Anti-FLAG M1 was from Sigma, antiphosphotyrosine (PY20)
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was from Upstate Biotechnology (Lake Placid, NY), and IL-8, IL-6, and leptin ELISA kits were from R&D Systems. Fluorescence readings were made on a custom laser-scanning imager prototype 100 series (Biometric Imaging, Mountain View, CA).
Laser-Scanning Imager Prototype 100 Series. The scanning imager technology is based on Biometric Imaging's Imagn2000 (9) . The system utilizes a HeNe laser for excitation (633 nM), standard microscope lens, a galvanometer for scanning, and two photo-multiplier tubes for the collection of emitted light (665 nm for Cy5 and 695 nm for Cy5.5). Two-color detection is accomplished as follows (9) . Fluorescent emission returning from the sample passes through a long-pass edge filter having a 655-nm cutoff. A 45°dichroic beam splitter divides the emission at 685 nm to allow optimal separation of the Cy5 and Cy5.5 spectra. Signal processing uses the known spectral overlap, and system response to each dye permits compensation for the effect of crosstalk between detectors. In addition, an x-y-z stage is incorporated to move and focus the individual wells of a 96-, 384-, or 1,536-well microtiter plate. The scan produces a fluorescence topographical map from a sector of each well. For 96-well plates, the system scans a 1-mm 2 area consisting of 250 lines across the center of each well and collects fluorescence at 250 pixels per line (resolution is 4 m͞pixel). For a 1,536-well plate, the system scans a 0.6-mm 2 area.
Analysis software identifies events within a well and calculates various parameters for each event including peak signal above background, peak area, and particle size, among others (9) . These data are evaluated by software that extracts specified data for each well over an entire plate and outputs the data in a tab-delimited format (S.S., unpublished data). FMAT software for the analysis of two-color events was kindly provided by PE Biosystems.
Chemokine Receptor Ligand [Cy5]IL8S72C. To 50 nmol Cy5-IA was added 20 nmol (169 g) IL8S72C in 50 mM sodium phosphate, pH 6.5͞300 mM NaCl. The solution was allowed to stand in the dark at ambient temperature for 24 hr. The labeled chemokine was purified by HPLC by using a reverse-phase column (particle size, 5 m; stationary phase, C5; pore size, 300A; 250 ϫ 4.6 mm). The concentration of the [Cy5]IL8S72C was determined by IL-8 ELISA and Cy5-labeling stoichiometry by measuring Cy5 absorbance at 649 nm ( 649 ϭ 250,000
). Cytokine Receptor Ligands [Cy5]IL-6 and [Cy5]leptin. To 50 nmol Cy5 or Cy5.5-NHS ester was added 10 nmol cytokine in 50 mM sodium phosphate, pH 7.6͞150 mM NaCl. The solution was allowed to stand in the dark at 16°C for 18 hr, and the product was purified by FPLC size-exclusion chromatography on a Superdex 75 column (0.5 ml͞min, Tris-buffered saline, pH 8.0). The concentration and dye stoichiometry of cytokines were determined by either IL-6 or leptin ELISA and UV absorbance, respectively.
Antibodies (1 mg͞ml) was exhaustively dialyzed against 50 mM sodium bicarbonate, pH 8.5͞150 mM NaCl at 4°C and then added to a vial containing 300 nmol Cy5-NHS ester. The reaction was allowed to stand at ambient temperature in the dark overnight. The product was purified by FPLC and analyzed as described above.
Phosphopeptide [Cy5]IRS-1 pY. To a tube containing 100 nmol Cy5 NHS ester was added 300 nmol IRS-1 pY in 100 l of coupling buffer. The reaction was allowed to stand at ambient temperature overnight, followed by reverse-phase HPLC purification. For Electrospray-MS, [Cy5]IRS-1 pY895 was 2,763.9 atomic mass units (amu) (calculated) and 2,764.6 amu (observed).
Cell-Based Assay. CHO cells expressing CXCR2 were grown to near confluency, trypsinized, and washed in Hanks' Balanced salt solution ϩ0.1% BSA buffer immediately before use. For each data point, 15,000 cells per well were used.
Bead-Based Assay. For Fc-fusion proteins, streptavidinderivatized microspheres (6-8 m, 10 7 beads) were incubated with biotinylated anti-human Fc (10 l of 2.4 mg͞ml) in 200 l of TBS͞1% BSA for 2 hr and then washed extensively with TBS͞1% BSA. These beads then were used to immobilize IL6R␣-Fc or ObR-Fc (10 g protein) under similar binding conditions. Other biotinylated proteins or peptides were bound directly to the streptavidin-derivatized beads. For each data point, 17,000 beads per well were used.
Ligand-Binding Assays. Binding reactions were performed in a volume of 100 l in 96-well microtiter plates at ambient temperature, in the dark, for 1 hr on a plate shaker. After incubation the plates were counted on the prototype imager. Phosphatase Assay. The reaction was carried out in 40 l of assay buffer (25 mM Bis-Tris-Propane, pH 6.5͞50 mM NaCl͞1 mM EDTA͞10 mM 2-mercaptoethanol). Approximately 75,000 beads (6.2 m sphero streptavidin polystyrene particles; Spherotech) coated with pY-FLAG-biotin were incubated with 5 nM YOP (New England Biolabs) for 2 hr at ambient temperature. After this time, 7 g͞ml [Cy5]anti-pY or 1.3 g͞ml [Cy5]anti-M1-FLAG was added to the indicated wells and incubated for 1 hr at ambient temperature and then counted on the scanning imager. For the time course of dephosphorylation, varying concentrations of YOP were incubated in a 60-l assay volume with substrate beads in the presence of 5 g͞ml [Cy5]anti-M1-FLAG. Plate wells were rescanned at the indicated time intervals.
Mass Spectroscopy. Mass spectra were obtained on a Finnigan MAT LCQ spectrophotometer by injecting 5 l of a 12.5-M solution (60 pmol) sample in Ϸ50% ACN͞50%H 2 O containing 0.5% trifluoroacetic acid. Data Analysis. Ligand-binding data were analyzed by nonlinear, least-squares regression by using PRIZM (GraphPad, San Diego). Saturation-binding data were fitted to a rectangular hyperbola, and competition data were fitted to a sigmoidal curve with a slope of unity. Data points were expressed as average fluorescence, determined by dividing the total fluorescence by the number of cells or beads counted. Fluorescent events are the number of beads counted at a defined emission wavelength.
RESULTS
GPCR-Binding Assays as Cell-Based Systems for LSI Analysis. GPCRs, characterized by a serpentine transmembrane topology and comprising nearly 2,000 members, interact with ligands diverse in nature to regulate many aspects of physiology and pharmacology (12) (13) (14) . The architecture of the ligand-binding pocket is circumscribed by extracellular and transmembrane regions of the receptor and precludes the isolation of a soluble ''ligand-binding domain.'' Binding measurements on GPCRs therefore are made directly on receptor-containing membranes or intact cells expressing target receptors; the later assay strategy often is not compatible with SPA.
As an example, IL-8, a 72-aa chemokine (15) (Fig. 2a  Inset) , demonstrating the feasibility of cell-based competitionbinding assays using LSI.
Cytokine Receptor Assays as Bead-Based Systems for LSI Analysis. Cytokine receptors function as immunoregulators as well as in cell growth and differentiation (16) . Many of these receptors are activated through ligand-induced dimerization resulting in activation of an associated tyrosine kinase. Members of this receptor class include the various interleukin receptors as well as the receptor for the satiety factor leptin.
As a consequence of the nonessential nature of the single membrane-spanning segment of cytokine receptors in ligand binding, the extracellular ligand-binding domain (ECD) of several receptors have been expressed as soluble Fc-fusion proteins (17) . Here, the ECD-Fc fusion proteins that bind IL-6 and leptin, IL6R␣-Fc and ObR-Fc, respectively, were coated onto 6-m anti-Fc microsphere conjugate beads. The dissociation constants of [Cy5]IL-6 and [Cy5]leptin were determined by incubating increasing concentrations of these ligands with the coated microspheres ( Fig. 2 b and c) . (17, 18) . The specificity of these interactions was demonstrated by competition of Cy5-labeled cytokine only by the corresponding unlabeled cytokine (Fig. 2 b and 
c Insets).
Leptin receptor number per microsphere was measured directly by lanthanide-based, time-resolved fluorometry by using ObR-Fc labeled with the europium-chelate, [Eu 3ϩ ]DTTA (4). Thus, by using saturating levels of [Cy5]leptin, the instrument was determined to have a lower detection limit of Ϸ20,000 receptors per bead (data not shown).
The [Cy5]cytokine-receptor complex was freely reversible as demonstrated by a fluorescence signal decrease after addition of excess cytokine subsequent to an established equilibrium (Fig. 2d Inset) . The off-rate of leptin was slow enough that it could be measured (Fig. 2d) , displaying a half-life of 30 min. Because assay wells can be measured repeatedly without sample manipulation, this method is well suited to kinetic measurements (vida infra).
The differential labeling of leptin and IL-6 with dyes that have distinct emission profiles, EM max (Cy5.5) ϭ 695 nm or EM max (Cy5) ϭ 665 nm (10), permitted simultaneous detection of the binding of both cytokines to their respective receptors on common or distinct beads within the same assay well. This ''multiplexed target'' strategy improves the efficiency of screening and allows direct ratiometric quantification of drug effects on multiple targets within a sample well. In one experiment, both receptors, ObR-Fc and IL6R␣-Fc, are coated onto the same particles. Fluorescently labeled ligands for these receptors, [Cy5.5]leptin and [Cy5]IL-6, were incubated separately (Fig. 3, wells 1 and 2) or together (Fig. 3, well  3 ). These beads gave rise to specific measurable events depending on the labeled cytokine added, as shown in Fig. 3 b and c. If both labeled cytokines were added, only dual-positive beads are detected (Fig. 3a, well 3) . After addition and incubation of a saturating concentration of IL-6 to beads incubated with both Cy5 and Cy5.5-labeled cytokines (Fig. 3 ac, well 3) , the dual-positive signal decreased to background as a result of a decrease in the [Cy5]IL-6⅐IL6R␣ population. In addition, events attributable only to [Cy5.5]leptin are now measurable (Fig. 3b, well 3) . Consequently, a specific competitor of the [Cy5]IL-6⅐IL6R␣ equilibrium is detectable both as the decrease in signal resulting from the disruption of the specific complex and the concurrent appearance of a signal from the nondisrupted complex.
In another application, receptors coated on distinct particles can be measured as independent events in the same well ( Fig.  3 d and e, wells 4-6 ). In this case, signals are measured independently of one another. Thus, two independent binding equilibria (leptin⅐ObR or IL-6⅐IL6R␣) are detectable in the same well on common or distinct particles, allowing the design of assays having internal specificity controls.
Phosphotyrosine-Mediated Protein Interactions Measured with LSI Analysis. Intracellular protein-protein binding events, such as those that occur between the SH2 domain and tyrosine-phosphorylated motifs, are mediated by a variety of modular protein domains (19) . The SH2 domain of Grb2, an adapter protein that links receptor tyrosine kinases to the ras-signaling pathway, displays low micromolar affinity for phosphopeptides with Asn occupying the pYϩ2 position (20) (21) (22) . A Cy5-labeled, phosphorylated peptide sequence derived from the insulin receptor substrate ([Cy5]pY-IRS1 [893] [894] [895] [896] [897] [898] [899] ), a Grb2 target, was used to measure phosphopeptide binding to the SH2 domain of Grb2. The interaction specificity was measured by the ability of various phosphopeptide sequences to displace ; sequences having nonconsensus residues (e.g., Thr or Tyr) at the pYϩ2 position were ineffective at concentrations up to 100 M, whereas phenyl phosphate, a phosphotyrosine mimic, competed weakly at millimolar concentrations (Fig. 4a) .
It is of interest that although this system showed reversible binding (Fig. 4b) , an opposing assay configuration, i.e., incubating a Cy5-labeled GST-fusion protein of Grb2 with phosphopeptide tethered to a bead, resulted in only partial reversibility (Fig. 4b) . This effect has been observed in comparable systems (23, 24) and is thought to originate from enhanced avidity arising from a bivalent interaction between the GST-fusion protein, a dimer in solution, and the polyvalent bead surface. Thus configured, low-affinity proteinprotein interactions can be studied in dynamic equilibrium by using LSI, potentially yielding new insights into these molecular interactions.
Phosphatase Activity Measured with LSI. The activity of enzymes catalyzing the formation of immunoreactive products 5a ). In this case, to measure the activity of the Yersinia PTPase, YOP, the FLAG epitope Asp-Tyr-Lys-Asp-Glu (25) was ''masked'' as the tyrosine-phosphorylated peptide AspphosphoTyr-Lys-Asp-Glu-Ala-Ala-Gly-Lys(N -biotin) containing a biotin and spacer peptide for the purpose of linking the phosphoFLAG peptide to avidin-coated microspheres. These phosphopeptide microspheres were detected easily by using [Cy5]antiphosphotyrosine (Fig. 5b) ; however, [Cy5]anti-FLAG was unreactive toward the ''masked'' FLAG sequence (Fig. 5b) . Subsequent to incubation with YOP, detectable phosphotyrosine decreased with a reciprocal increase in the detection of the FLAG epitope. By scanning a well repeatedly over time, reaction progress can be followed (Fig. 5c ). The time interval between measurements is limited by the scan time per well (Ϸ4 sec) and the current software package. Further, detection limits (see above) impose a minimum FLAGbead⅐[Cy5]anti-FLAG antibody complex concentration below which the signal is not detected. The formation of this complex, a second-order process, is dependent on the individual concentrations of these components. This is illustrated by the time lag in detectable product formation with decreasing enzyme concentration (Fig. 5c ).
DISCUSSION
GPCRs and cytokine receptors represent two large families of cell-surface receptors. These receptors, and the signaling networks they coordinate, involve many pharmaceutically important disease targets (26, 27) . Using LSI, many of the interacting components of these pathways can be measured in a nonseparation format. Although similar in concept to SPA, LSI, a nonradioactive alternative, has the added capability of measuring ligand binding on intact cells and is adaptable to target multiplexing by virtue of multiparameter readouts. Although different emission fluorescence profiles were used here to resolve signals from different ligands, other parameters such as particle size can be used to discern distinct binding events in a common assay well. Assay multiplexing permits internal specificity controls or ratiometric analysis for individual microplate wells and the single-step addition of receptorligand complexes to compound library plates, a significant factor in assay miniaturization. LSI has been applied to the detection of enzymatic activities. For example, PTPase activity was detected by using an ''epitope unmasking'' assay, where peptide dephosphorylation is coupled to formation of a [Cy5]antipeptidepeptide complex. This provides a desirable increase-in-signal readout with reaction progress as opposed to the deceasein-signal observed in measuring phosphotyrosine depletion with antiphosphotyrosine. From a practical standpoint, [Cy5]antipeptide can accompany the addition of PTPase and phosphopeptide, allowing all components to be present simultaneously, an arrangement not possible when using phosphotyrosine antibodies that react with pY-containing substrates or enzyme.
The wide application profile and versatility of LSI will allow simplification of many routine laboratory assays. For example, ELISAs are easily converted to ''no-wash'' fluoroimmunoassays (data not shown). The ability to multiplex targets and standardize formats is a benefit LSI offers toward improving the efficiency of receptor-ligand binding and antibody-based assays.
